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Spectroscopy:
Needed for Exoplanets



AFTA-WFIRST: 
2.4-m NRO Telescope 

  Astrophysics Focused Telescope Assets – WFIRST 

  Consider a version of WFIRST utilizing one of two 2.4-m 
NRO telescopes given to NASA.  

  The committee, chosen by NASA HQ, is chaired by Neil 
Gehrels and David Spergel with prominent members from 
the dark energy, IR surveys and exoplanet communities 

AFTA-WFIRST SDT meeing Nov 19-20 at Goddard.



AFTA-WFIRST: 
2.4-m NRO Telescope 

Groundswell of Arguments and Technical work:     

A High Contrast Coronagraph                                                      

and Spectrometer 

Imaging and Spectroscopy of Exoplanets 

Proponents I’m aware of:
J.Trauger, M.Clampin, O.Guyon, B.Macintosh, D.Spergel,
J.Kasdin, T.Greene, D.Savransky
Exoplanet Exploration Program (G.Blackwell, R.Akeson, W.Traub) 
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NASA Kepler Mission: 
Occurrence of Planets 

•  Distribution with Planet Radius
•  Distribution with Orbital Period  



Distribution of Planet Radii 
For Orbital Periods < 50 Days 

Andrew Howard and Kepler Team, as of Sept. 2011

8% of G stars
have a planet of
2.0-2.8 REarth

10% of stars have
Planets 2.0-2.8 REarth.

1% of stars have
Planets 8-11 REarth.
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Occurrence with Planet Radius: 
Extension to 1.0 REarth 

1.0 1.4 2.0 2.8 4.0 5.7 8.0
Planet Size [Earth-radii]

0%

2%

4%

6%

8%

10%

Fr
ac

tio
n

of
S

ta
rs

w
ith

P
la

ne
ts

ha
vi

ng
P

=5
-5

0
da

ys

7.9+1.4
−2.1%

7.4+1.2
−1.7%

7.7+1.3
−1.8%

1.6+0.4
−0.9%

0.3+0.1
−0.2%

Kepler
Raw occurrence
Correction for
missed planets

Erik Petigura & Andrew Howard



Occurrence with Planet Radius: 
Extension to 1.0 REarth 

1.0 1.4 2.0 2.8 4.0 5.7 8.0
Planet Size [Earth-radii]

0%

2%

4%

6%

8%

10%

Fr
ac

tio
n

of
S

ta
rs

w
ith

P
la

ne
ts

ha
vi

ng
P

=5
-5

0
da

ys

7.9+1.4
−2.1%

7.4+1.2
−1.7%

7.7+1.3
−1.8%

1.6+0.4
−0.9%

0.3+0.1
−0.2%

Kepler
Raw occurrence
Correction for
missed planets

Erik Petigura & Andrew Howard

23% of Sun-like stars
have planets 1-3 REarth
--- within 0.25 AU



Exoplanet Radius Distribution 

Power Law rise
becomes constant
At R = 2.8 REarth
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Occurrence with Planet Radius 
Fressin, Torres, Charbonneau:  

Occurrence is
Flat Shortward
of 2 REarth

Agreement with
Petigura & Howard





For R = 1-4 REarth:  dNp/dlogP ~ Constant



Exoplanets: 
Distribution of Orbital Periods 

For R = 1-4 REarth:  
dNp/dlogP ~ Constant

Dong & Zhu (2013)Kepler planets through Q6
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For R = 1-4 REarth:  
dNp/dlogP ~ Constant

45% of Sun-like stars have planets 1-3 REarth
between  Period = 5 – 500 days.

Science Case for 

NRO 2.4-m Coronagraph: 

45% of Sun-like stars have 
1-3 REarth planets within 1.2 AU 



Coronagraph Progress 

  At JPL, in the original High Contrast Imaging Testbed 
(HCIT-1), Gene Serabyn obtained narrow-band 
contrasts less than 1 x 10-9 with the vector vortex 
coronagraph. 

   In the new HCIT-2, and also in narrow-band light, 
Olivier Guyon,and collaborators reached 6 x 10-10 
with the Phase Induced Amplitude Apodization 
(PIAA) coronagraph. 

   Mark Clampin at NASA/GSFC reached 3 x 10-9 
contrast monochromatically with the Visible Nulling 
Coronagraph. These each represent about an order 
of magnitude improvement in performance over 
where they were a year ago. 



Overview 
POC:   Gary Blackwood, Exoplanet Exploration Program 
gary.h.blackwood@jpl.nasa.gov     818-354-6263 

Key collaborators:  Exoplanet Exploration Program Office and list of 
supporting individuals. 

Goals:  The prime objective of the Exoplanet Observatory will be to provide a 
detailed portrait of exoplanets around our nearest F, G, K, and M stars.  
ExO will operate at visible and near-infrared wavelengths to directly image 
gas/ice giants down to the  largest of terrestrial planets.  ExO will measure 
their spectra and determine their orbits. It will image debris disks and 
characterize exozodiacal dust.  ExO complements this data through 
astrometry to measure exoplanet masses and orbits, and through 
spectroscopy to study large transiting planets close to their stars. 

ExO’s General Observer Program will provide new opportunities for NASA 
Cosmic Origins science and Planetary Science. 

Advances the Priorities of NASA’s Astrophysics Division 
•  ExO addresses New Worlds, New Horizons 2010 #1 medium-

scale recommendation for a New Worlds Technology Development 
Program to address “preparation for a planet-imaging mission 
beyond 2020, including precursor science activities” (p. ES-6). 

•  ExO addresses NWNH 2010 small-scale recommendation 
“understanding the birth of galaxies, stars, and planets” (p. ES-4). 

Advances Technology highlighted by NASA’s Space Technology 
Mission Directorate 
•  Advances high-contrast imaging and spectroscopy technology 
•  Prepares NASA for a later mission to image Earths and search for 

signs of life. 

Provides Education and Public Outreach opportunities tied to 
the exploration for life in our galactic neighborhood. 

© 2013 California Institute of Technology. Government sponsorship acknowledged 

ExO: The Exoplanet Observatory!
Astrophysics!

Value to NASA Description 
Instruments: 
•  High-contrast coronagraph with Integral Field Spectrograph, imaging over 

0.4-1.0 µm, at 10% bandwidths, with working angles of 3-60 λ/D, 10-9 
contrast (baseline) and 10-10 (goal) post-processed, with 8x8 arcsec FOV, 
spatial resolution 0.05 arcsec, and R = 70 

•  Astrometric Imaging Camera with 3 x 3 arcmin FOV 
•  Time-resolved Spectrometer observing 0.8-2.4 µm, R=1000 

Operations:  From a Sun-Earth L-2 orbit, the observatory will sequentially 
observe accessible nearest-neighbor F, G, K, and selected M stars once per 
quarter, with direct imaging and astrometry.  Transit spectroscopy will be 
used for appropriate targets. 

Opportunities:   
•  Leverages and complements ground-based radial-velocity observations 

   Human exploration:  The observatory will be designed for robotic servicing 
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Jeremy Kasdin



Exoplanet Imaging and Spectroscopy 







Thanks to J.Trauger



J.Trauger



Cahoy, Marley, Fortney, 
With thanks to Bruce Macintosh & Jeremy Kasdin

AFTA-WFIRST  Spectroscopy:  
Measuring Metalicity of Exoplanets 



AFTA-WFIRST  Spectroscopy:  
Measuring Metalicity of Exoplanets 

Kerry Cahoy, Mark Marley, Jonathan Fortney  Models.  
Thanks to J.Kasdin and B.Macintosh

AFTA-WFIRST  Spectroscopy:  
Measuring Metalicity of Exoplanets 



Simulated Planets within 30pc 

Thanks so Bruce Macintosh

Simulated
2.4-m
Coronagraph



Summary: NRO Coronagraph



Summary: 
NRO Coronagraph
For AFTA-WFIRST



  Concept submission to SALSO (judged Jan 7): 

  At least one exoplanet concept will go forward. 

  Ground RV will complement EXO.  Would advocate for a strong ground-based RV program. 

  Should we include the starshade, or just make it “star-shade ready”. 

  Wes Traub and Rachel Akeson are leaders. 

  Kasting, Quirrenbach, Lissauer, W.Cash, Polidan, Boss, Rieke, Ben Lane, Alycia Weinberger, 
Nikole Lewis, Geoff Bryden, Rob Eggerman. Avi Mandell (goddard). 

  Nick Gautier, Jeremy kasdin, Marie Levine, Unwin, Traub,  



  Wes Traub: FGKM nearest stars 

  Works in visible and IR, and doesn imaging and 
astrometry.  Follows “SPOTS” get sub-microarcsecond 
astrometry from Guyon.   P < 5 yr (inner orbits).  P > 5 yrs 
(done by imaging). 

  Do narrow field and wide field simultaneously, using a 
“little hole”.    

  Imaging: outer HZ outward, assuming 2.4-m telescope. 

  Achieves contrast of 10^-10, and will get 4 lambda/d. 
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  The Wide-Field Infrared Survey Telescope (WFIRST) is the top-
ranked large space mission from the Astro2010 Decadal Survey.  
NASA is conducting a formulation phase study of design 
reference missions that would address essential questions in the 
areas of exoplanets, dark energy and infrared astrophysics.WFIRST 
will survey thousands of square degrees to AB~27 and make 
precision measurements of hundreds of millions of galaxies.   

  A census will be performed of thousands of exoplanets from 
habitable Earth-mass planets to free floaters.  An optional 
coronagraph will provide direct imaging of Jupiter-mass planets 
and debris disks.  A Guest Observer program will offer community 
science for broad areas of science including cosmology, galaxy 
formation, brown dwarf surveys and solar system studies.NASA has 
recently been given two 'Hubble class' 2.4m telescopes.  

   This splinter meeting will explore options for using one of these 
telescopes for WFIRST.  An update on in-progress studies by the 
WFIRST Science Definition Team (SDT) and Project office will be 
presented by SDT co-chairs David Spergel and Neil Gehrels and 
the possibility of adding an exoplanet coronagraph instrument will 
be discussed. 



It does transits, astrometry, 10^-10 contrast. 

Wings don’t decline outward of 10^-10. 

We routinely see that you get a flat, dark hole, by focussing on the speckles.  128x128 DM.  
We make them. 

Lissauer:  NRO has Wide field of view.  But most science doesn’t take advantage of this. 

0.2 arcsec  only good for tau Ceti and epsilon Eri. 

Cost of achieving 10^-10 in post-processing. 

Goals of specific stars needed. 

Outer planet around Tau Ceti is just detectable. 

Can get to HZ in alpha Cen B, but must block alpha Cen A. 

Inner working angle: Serabyn says we might do better than 4 lambda/d.  This is like TPF-C.   

Geoff Bryden: Does doing astrometry affect high conrast imaging? 

Maggie T.: 15 known exoplanets could be imaged, by using 4 lambda/d.  (Jeremy wants it) 

Question: does 10^-10 correspond to whole wavelength range? 



 Planet in HZ: 
Same Incident Flux as Earth, 

R = 1.41 REarth  

R = 1.41 REarth       Temp = 287 +- 44K

Orbital Period: 269 days
Orbital distance: 0.72 AU
Incident Stellar Flux: 0.45 x Solar flux at Earth

Time from Mid-Transit  (hours)

       1

0.9995

0.9990

Kepler is close to announcing two planets of ~1.5 REarth in the HZ



Incident Stellar Flux at Planets 

Rel. to Earth
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Earth
Mars

New Kepler
Planetary
System

Mass=0.69MSun
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Incident Stellar Flux at Planets 

Rel. to Earth
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Earth
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New Kepler
Planetary
System
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Hab. Zone

Hab. Zone

1.4 REarth
41% of Solar Flux 
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82 in Batalha et al. (2012)

37 unpublished



Paul Hertz 

  High budget: JWST highest priority. 

  Budgetary future is uncertain. 


